This paper presents an aeroelastic analysis for the high altitude propeller designed for the stratospheric airship KFG-series. Aerodynamic analysis is carried out in Fluent by using sliding mesh method and a loosely coupled method is employed to solve the aeroelastic response. The real composite propeller structure is modeled in Ansys Acp module and Mechanical APDL enable the data exchange between CFD and CSD solver. Spring-based smoothing method is adopted for updating the mesh deformation. Firstly a comparison between experimental and numerical results is employed for validating the accuracy of the numerical model. Then in fluid-structure analysis, aeroelastic response of the blade tip leading edge shows a limit cycle oscillation and the blade averaged deformation shows a very small deflection due to the dynamic stiffness effect. In the final, equivalent stress of the blade material and a comparative study of the aerodynamic performance for rigid and deformed propeller at the design condition are presented and it is found that there is a lower thrust performance for the deformed propeller due to the small pitch variation.
Nomenclature

CP
: power coefficient CT : thrust coefficient e : internal energy m : mass r : radius vector T : temperature v : velocity W : work ρ : density ω : rotating speed
Introduction
The rapid development in various areas such as material, propulsion system, manufacture and computer technology contribute a second development to the aerostat application. In recent years, programs such as high altitude airship HAA TM and Hisentine180 carried out by U.S. army show an optimistic prospect for both military and civil value. For most stratospheric airship concept designs, the propeller propulsion system driven by an electric motor is the most reasonable way to control the motion and achieve the goal of long duration flight. High efficiency propeller research and development is a key subject for the propulsion system. In the high altitude propeller aerodynamic test, the conditions such as low temperature and low pressure for simulating the real atmospheric environment are a challenge for the wind tunnel. In the other hand, CFD method developed over years shows an accurate results for the propeller aerodynamic performance and it has gradually become a reliable tool for aerodynamic estimation and analysis in engineering field. [1] [2] [3] [4] Composite material modeling and analysis through FEA method is another important development for high altitude propeller structural analysis. 5) Furthermore, with the accurate blade structural modeling and fluid-structural interaction method, it is possible to solve the aeroelastic response for a fixed wing or rotating blade. By the work in Ref. 6 ), a wing flutter problem is calculated by the fluid-structure interaction method and the results showed that the FSI method is as accurate as the classic v-g method compared to the experiment. For a rotating blade aeroelastic analysis, Refs. 7) and 8) presented a tightly coupled fluid-structure method. The static structural deflection experiment in the study is for verifying the layered composite blade model and the result showed the accuracy of the numerical model. Ref. 9) studied the wind turbine aeroelastic response with loosely coupled method. From achievements of their study, the aerodynamic loads on a wind turbine blade are significantly reduced due to the aeroelasitic deformation of the blade.
The study in this paper is to analyze a high altitude propeller aeroelastic response. The aerodynamic and structural performance of the propeller are validated by ground static test, wind tunnel test and modal test. Aeroelastic response of the structure in time domain is numerically simulated by loosely coupled method and the effect of the external force on the dynamic response is analyzed. The thrust of the deformed propeller is compared to the rigid propeller. In the last, the blade equivalent stress distribution is given.
Mathematical Model
Navier-Stokes equation in rotary system
The non-conservative N-S equation is given below for 2 describing a constant viscosity coefficient compressible flow:
where Wf = ρfe•v is the work of external forces, qH is the external heat sources and �̿ is the viscous shear stress tensor. For a rotating system, the flow behavior is described relatively to a rotating frame of reference. Defining the w as the velocity field relative to the rotating system and u = ω × r as the entrainment velocity, the composition law holds as:
Since the entrainment velocity does not contribute to the mass balance, the continuity equation Eq. (1) could be rewritten in the relative system:
With regard to the momentum conservation law, observers in the two systems of reference will not see the same field of forces since the inertia term dv/dt is not invariant when passing from one system to the other. It is known that we have to add two forces into the rotating frame of reference, which are the Coriolis force Eq. (6) and the centrifugal force Eq. (7):
where R is the component of the position vector perpendicular to the axis of rotation. These two forces, acting on a fluid particle in the rotating system, play a very important role in rotating flows, especially when the relative velocity vector w has large components in the direction perpendicular to ω. Substituting Eqs. (6) and (7) into Eqs. (2) and (3) and rewrite them based on Eq. (4), we can get the momentum equation and the energy equation in relative rotating system:
Structural equation
The calculation of the blade finite element model is based on the transient dynamic equation below: (10) where M and K are the mass and stiffness matrices. q(t) is the nodal displacement. FG is the constant gravity load matrices. FC is the equivalent centrifugal force matrices due to the propeller rotational speed and it could be expressed as FC = mω 2 r. FA(t) is the aerodynamic force, which is updated at each time step. Newmark time integration method is adopted to solve this equation. Note that the damp matrices are neglected in this model.
Fluid structure interaction
Loosely coupled method is selected for the fluid-structure interaction calculation. For data transfering between the two solvers, Gauss-Seidel algorithm is selected for iterative coupling. The process is shown in Fig. 1 . During the step 4, the fluid solver needs to update the mesh. Spring-based smoothing method is adopted as the dynamic mesh updating method. For specific, the edge between two grid nodes is assumed to be connected by spring. By Hook's law, the force on the spring node could be written as below:
where Δxi and Δxj are the displacements of the node i and j, ni is the number of neighboring nodes connected to the node i, kij is the spring stiffness and could be expressed as:
where kfac here is a constant factor for defining the spring stiffness. As the system is at equilibrium, all the force acting on the node i must be zero, which could be calculated by the iterative equation:
where m is the iteration number. After the iteration converges, the position of new grid nodes is updated by the equation below:
where n and n+1 are the node position of current time step and next time step respectively. Table 1 . As can be viewed, the monitored variables converged at the medium mesh configuration, which is accurate enough to be used in the further study. The verification is based on a full scale 2.2 m propeller static test and a 0.8 m diameter scaled propeller model wind tunnel test. Full scale propeller in the ground static test was driven by a 60KW brushless DC motor. A two-component sensor balance with a relative error 0.5% is used for the measurements. The wind tunnel tests were carried out in the wind tunnel NF-3, located at Northwestern Polytechnical University. The dimension of the wind tunnel are 3.5 m height, 2.5 width and 12m length and the turbulence intensity in the test was 0.078%. A six-component strain box balance was applied to measure thrust and torque.
The propeller wind tunnel test was designed based on the principles of equal Reynolds number and equal advance ratio From the comparison results, numerical model shows a reliability of CFD simulation schemes including flow domain dimension, mesh configuration and turbulence model selection. At the design condition 18km altitude, 7.5m/s freestream velocity and 900 rpm rotational speed, the propeller could produce a thrust of 62 N and a torque of 12 Nm and the efficiency for this condition is higher than 40%. Fig. 5 shows the velocity-colored wake structure iso-surface calculated by Q-criteria at the design condition. Fig. 4 . Velocity-colored wake structure by Q-criteria.
Solid model verification
The main structure of each single blade consists of a composite materials skin for maintaining the aerodynamic profile and two spars inside from root to tip for the strength demand. The structure of the propeller blade is shown in Fig.  5 . The composite material ply scheme is concluded in Table 2 . The modeling of the composite propeller is carried out in ANSYS ACP module. Table 2 . Blade ply scheme. For verifying the structure modal, a static modal test is carried out by fixing the degree of freedom of the propeller hub, shown in Fig. 6 . The natural frequency results between real structure modal experiment and simplified FEA model are presented in Table 3 . As can be viewed, the propeller natural frequency of the first flapwise direction and the first edgewise direction in experiment agree well with the numerical results, which indicate the accuracy of the FEA model of the composite propeller structure. 
Aeroelastic Response
For studying the propeller aeroelastic response in time domain, a loosely coupled method is carried out with an initial flow field calculated from steady state and the time domain are discretized to 400 total time steps with 0.01s and 0.006s for each time step for two tested rotational speed 600 rpm and 900rpm respectively. Aeroelastic response for the structure is studied with the design altitude 18km. The results shown in Fig. 7 are presented by monitoring the tip leading-edge of the blade, where is the maximum deformation of the full structure. and 10 m/s, the averaged tip leading edge displacement reduces to 0.65 mm and 0.55 mm due to the decreased aerodynamic force on the blade. In edgewise direction, it shows a smaller averaged displacement with 0.25 mm, 0.27 mm and 0.31 mm for each tested freestream velocity. For higher rotational speed 900 rpm, the displacement response in time domain also shows a similar oscillation pattern. However, one different phenomenon for the higher rotational speed 900 rpm is that the frequency of the limit cycle oscillation is remained at 15 Hz, but for the lower 600 rpm the equal amplitude frequency reduces to 10 Hz. Moreover, the stable oscillation frequency after acting the aerodynamic force is equal to the tested rotational frequency of the propeller. This could be explained by the fact that the centrifugal force acted on the blade has an effect of dynamic stiffening for the structure, which will result in an increasing of oscillation frequency due to the enhancement of the structural stiffness. Averaged deformation at 900 rpm shows a 1.8 mm tip leading edge at 5 m/s and 1.5 mm at 10 m/s in flapwise direction. For edgewise direction, the maximum averaged tip displacement is 0.7 mm. Figure 8 shows the structure response only by acting the centrifugal force, which could be seen that the increasing of the rotational speed would result in a higher structure frequency response and the amplitude decays from a large displacement to a plateau in the end since there is no other external force to excite the structure. By adding the aerodynamic force into this rotary system, the damping of the structure is instead of equal amplitude oscillating. This indicates that the aerodynamic force in this rotary system becomes an exciting force for maintaining the structure oscillation. In conclusion, the propeller structural oscillation will not converged to a static position by acting the aerodynamic force but to maintain a stable equal amplitude oscillation in the rotary system. . Clearly a small pressure coefficient reduction for the deformed blade is obversed, particularly for the cross section in the inner side. The reason for the pressure distribution difference is due to the blade pitch angle variation. Based on the calculation case, the pitch angle of the deformed blade at the spanwise location 0.95R reduced about 0.24 degree compared to the design pitch angle 10.45 degree. This nose down torsion may also indicate that the center of the aerodynamic force for this propeller is behind the elastic axis. For the composite blade, the stress distribution of each ply is a little different.
In Fig. 10 , the equivalent stress distribution for the outer ply of the blade is presented, where a maximum equivalent stress 21.41 Mpa is shown at lower surface near to the blade root. 
Conclusion
The first part in this research present a validation between experiment and numerical results. Through the ground static test and the wind tunnel test, the fluid model proves the accuracy of the selected mesh configuration and the turbulent model for modeling the propeller aerodynamic performance in high altitude condition. The results of the solid model of the composite propeller agree well with experimental frequency results, which indicate the simplification of the propeller structural model is reliable and accurate as well.
Based on the CFD results, the propeller could produce a thrust of 62 N and a torque of 12 Nm at its design condition. The propeller efficiency for this condition is higher than 40%. The minimum rotational speed for maintaining the positive thrust at 10m/s freestream velocity is 450 rpm.
When considering the aeroelastic effect, the centrifugal force acting on the propeller structure will result in an initial displacement oscillation and the aerodynamic force has the effect for maintaining the displacement to be an equal amplitude oscillation rather than damping oscillation. Averaged tip leading edge displacement for lower freestream velocity and faster rotational speed is more evident. For the design condition, averaged tip lead edge displacement for flapwise and edgewise direction is 1.7 mm and 0.72 mm respectively. Pressure coefficient at two spanwise location of the deformed blade shows a similar distribution compared to rigid blade with the same location due to the small structural deformation. At the design condition, the thrust of deformed propeller is 59.2 N, smaller than the rigid propeller thrust 62 N.
The aeroelastic research of the high altitude propeller is based on the rigid envelope assumption. However, for the real non-rigid airship, the envelope for fixing the propeller strut is a flexible structure. In analysis, it may result in a more complex aeroelastic behavior. Further research about this non-rigid platform aeroelastic response problem will be carried out to validate the feasibility of the FSI method.
